INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of pathologies beginning with simple triglyceride accumulation in hepatocytes to fibrosis, then cirrhosis, which markedly enhances the risk of hepatocellular carcinoma (HCC). NAFLD is defined as an accumulation of lipids inside hepatocytes exceeding 5% of the liver weight in the absence of secondary causes such as hepatitis B or C viral infection, recent or ongoing excessive ethanol intake (<20 g/day in women, <30 g/day in men), use of steatogenic medication, or hereditary disorders. Those NAFLD cases in which the liver also contains inflammation and hepatocyte injury are further classified as having nonalcoholic steatohepatitis (NASH) [1] .
NAFLD prevalence ranges from 6.3% to 33% in the general population, with the prevalence of NASH estimated at 3-5% [2] . In high-risk populations, for example, the severely obese and populations with diabetes, incidence can be as high as 60-90% [3] [4] [5] [6] .
Reliable biomarkers and treatment options for NAFLD are very limited. Lifestyle modification with improved diet and exercise form the mainstay of treatment but are rarely effective long term. In obese patients, weight loss leads to improved histology [7, 8] , but many patients fail to achieve enough weight loss to yield sustained benefit. Other treatment approaches, including insulin sensitizers, antioxidants, and anti-inflammatory medications, have yielded mixed success [9] [10] [11] . NAFLD is sometimes associated with elevated serum alanine aminotransferases (ALT and AST), but these tests are unreliable biomarkers for disease severity, and definitive diagnosis requires liver biopsy. Reliable noninvasive biomarkers for disease stage and progression are being pursued [12] [13] [14] [15] [16] .
Evidence linking NASH to cirrhosis and liver cancer has accumulated steadily over the past 10 years and a recent meta-analysis concluded that there was a causal link between NAFLD and HCC [17 & ]. Data are confounded by the asymptomatic nature of the early stages of the disease making the true prevalence uncertain, together with difficulties in tracking NAFLD progression to NASH. The risk of HCC in patients with NASH and cryptogenic cirrhosis (typically this represents end-stage NASH) range between 2.4% over 7 years [18] and 12.8% over 3 years [19] . Intriguingly, case reports have also appeared identifying HCC in NASH prior to the onset of overt cirrhosis, challenging the notion that cirrhosis must be present to give rise to HCC [20] [21] [22] . This suggests that pathways activated in fatty liver and inflammation may contribute to the premalignant transformation of hepatocytes. Indeed, clues for this link have arisen from the identification of pathways activated both in steatotic liver and HCC. To date, however, there are no well-defined prospective studies that confirm the link between NAFLD and HCC in patients without cirrhosis.
NONALCOHOLIC FATTY LIVER DISEASE AND INFLAMMATION
In many tissues, there is a strong correlation between chronic inflammation and increased cancer risk [23] , for example, in inflammatory bowel disease, which predisposes to colorectal cancer. Disease progression in NAFLD occurs against a complex backdrop of metabolic and endocrine derangements that, together with genetic and environmental factors, promote persistent subclinical activation of the innate immune system. In linking NAFLD to inflammation, studies have focused on the role of adipokines, metabolites (e.g., free fatty acids), and cellular components released by damaged cells and metabolically stressed organs -especially adipose tissue and the liverin contributing to a state of 'sterile inflammation' (Fig. 1) [24, 25] .
A simplistic 'two-hit' model was initially proposed to explain NAFLD progression by suggesting that steatosis (the first 'hit') is followed by proinflammatory signaling coupled with insulin resistance leading to further hepatic injury. Fat accumulation in hepatocytes results in the generation of reactive oxygen species (ROS) that can interfere with endoplasmic reticulum and mitochondrial function and can generate toxic lipid peroxides that can lead to DNA damage [26] . Damaged hepatocytes also activate prosurvival and cell stress pathways such as c-Jun N-terminal kinase (JNK), and release factors called damage-associated molecular patterns (DAMPs), which promote a cascade of proinflammatory events mediated by tumor necrosis factor (TNF)-a, nuclear factor (NF) -kB and toll-like receptor (TLR) signaling, extensively reviewed elsewhere [24, 27] .
Both DAMPs and pathogen-associated molecular patterns activate a scaffold protein complex known as the inflammasome, which is responsible for initiating inflammation by inducing cleavage of interleukin-1b to its mature form, release of cytokines and recruitment of immune cells [24] . TLR activation leads to secretion of proinflammatory signals (TNFa, interleukin-1b, interleukin-6, interleukin-12, interleukin-18) and reactive oxygen intermediates that exacerbate insulin resistance and metabolic dysregulation [28] .
Inflammation and hepatocellular damage drive the activation of regenerative pathways as well as the proliferation of fibrogenic cells, principally hepatic stellate cells (HSCs), whose ability to remodel extracellular matrix (ECM) places them in a strategic position to foster a microenvironment favoring cellular survival and proliferation. In this milieu of persistent regeneration and repair, some hepatocytes may evolve adaptive mechanisms of
KEY POINTS
Disease progression from the bland steatosis of early NAFLD to the more advanced steatohepatitis stage (NASH) can promote HCC; however, a mechanistic link between NASH and HCC is not yet fully established.
Obesity and NASH are associated with changes in the gut microflora and bile acid metabolism, which may promote liver tumorigenesis. The innate immune system and hepatic stellate cells are key sensors of perturbations in the gut-liver axis.
Molecular mediators of the gut-liver axis, especially the inflammasome and bile acid receptors, are potential therapeutic targets for HCC in NASH, but a greater understanding of disease pathogenesis is essential to uncover new therapies beyond these approaches.
The gut-liver axis and bile acid metabolism
Diet has a direct effect on an individual's energy uptake, storage, hormonal milieu, and adiposity, which together can promote disease progression in NAFLD, for example, by exacerbating a state of subthreshold 'sterile inflammation' caused by the release of DAMPs from metabolically sensitive tissues [24] . However, indirect consequences of diet are also of potential significance to both NAFLD and liver cancer ( Fig. 1 ) and include effects on: the commensal bacteria of the gut, the so-called 'microbiome', and the composition of the bile acid pool. 
Gut
Dysbiosis FIGURE 1. The role of diet and the gut-liver axis in promoting inflammation and hepatocarcinogenesis in nonalcoholic steatohepatitis (NASH). The effects of a high-fat diet (HFD) (blue arrows) drive metabolic and endocrine dysregulation by promoting the uptake and accumulation of lipids in metabolically sensitive organs, especially liver, adipose tissue, and the vasculature, leading to systemic dyslipidaemia and insulin resistance (red arrows indicate downstream pathogenic processes). HFD simultaneously promotes dysbiosis and changes to the bile acid pool in the gut, contributing to hepatic inflammation and promoting hepatocarcinogenesis in NASH (orange arrows) by: enhancing energy yield from the diet, which exacerbates the effects of increased caloric intake that drive chronic hepatocellular damage; sterile inflammation; liver regeneration/repair; production of toxic bile acids, especially deoxycholic acid (DCA); and inflammasome-mediated changes in gut permeability leading to the influx of TLR agonists including lipopolysaccharide (LPS). Hepatic stellate cells (HSCs) are emerging as key players in the gut-liver axis and new evidence implicates the cells in NASH-associated hepatocellular carcinoma (HCC) (black dotted arrows) by: DCA-mediated DNA damage in HSCs that promotes a 'senescence-associated secretory phenotype'; endotoxin (LPS)-mediated TLR4 activation in both activated HSCs and macrophages, which enhance fibrosis through the secretion of extracellular matrix (ECM) and mitogenic factors (e.g., epiregulin), which stimulate tumor growth.
Changes in the microbiome and bile acid turnover both have profound effects on the absorption and uptake of nutrients and therefore on organismal metabolism. However, their dysregulation can also lead to the generation of hepatotoxic and potentially mutagenic compounds reaching the liver. Gut bacteria metabolize bile acids, which contribute to cross-talk among inflammatory and fibrogenic pathways between gut and liver. Moreover, liver disease, as well as diet-induced and genetic forms of obesity, can alter both the microbiome and bile acid metabolism, rendering the gut epithelium increasingly permeable to extrinsic pathogens that exacerbate hepatic inflammation. These elements comprise the 'gut-liver axis,' discussed below.
Microbiome
Advances in the capacity to fully sequence the genome of microorganisms have shed new light on the complexity of symbiotic bacteria in the gut and how the microbiome can influence health and disease [30] . The gut microbiota play a key role in the development of obesity, insulin resistance, and NAFLD by: affecting caloric extraction from the diet and the bioavailability of essential nutrients such as choline [31] ; activation of TLRs and inflammation in the gut, the vasculature, and the liver; and production of alcohol, injurious bile acids, and toxins that can lead to DNA damage (summarized in Fig. 1) [32, 33] .
Mediators of the innate immune response play a major role in the cross-talk between gut and liver by maintaining normal gut-microbiome homeostasis, but may promote hepatocarcinogenesis resulting from dietary factors and/or chronic liver injury. For example, genetically obese ob/ob mice develop intestinal bacterial overgrowth, overexpress TNF-a, and have a compromised intestinal mucosal barrier, leading to HSC activation and a more pronounced lipopolysaccharides (LPS)-mediated proinflammatory response [34, 35] (Fig. 1) . The microbiome is also altered in TLR5 deficient mice, which develop obesity and insulin resistance that can be transmitted through feces to co-housed nonmutant littermates [35] . In similar co-housing studies, inflammasome-deficient AscÀ/À or NLRP6/ NLRP3À/À mice promote disease progression in NAFLD through sharing of the microbiome with littermates [36 && ]. Thus, not only is there essential cross-talk between the gut microflora and innate immune sensors that serve to protect an organism from metabolic disease, but changes in the microbiome associated with loss of these sensors can lead to metabolic and liver disease that is transmissible to healthy animals. It is not yet known whether transmission of gut microbiota among humans can promote liver disease as well.
The gut microbiome also alters the function of HSCs to promote liver inflammation and tumorigenesis. Changes in the gut microbiota are associated with inflammation, fibrosis [37 & ], and NASH, which have been linked to changes in gut permeability and the influx of TLR4 and TLR9 agonists into the portal circulation (Fig. 1) . These agonists enhance hepatic TNF-a expression [36 && ]. Interestingly, in a mouse model, translocation of LPS from the gut can promote liver tumorigenesis through TLR4 signaling on HSCs, leading to increased production of epiregulin, an hepatic mitogen [38 && ] (Fig. 1) . In this study, sterilization with antibiotics ameliorated cancer progression but did not affect tumor initiation, leading to the conclusion that the gut-liver-axis promotes tumor growth by perpetuating inflammation [38 && ].
A separate study has also linked gut-dysbiosis to hepatocarcinogenesis in both genetically obese and high-fat diet (HFD)-fed mice via increased production of deoxycholic acid (DCA), combined with promotion of liver tumorigenesis in mice primed with a single neonatal injection of a chemical carcinogen [39 && ]. Intriguingly, this effect was independent of TLR4 activation, but involved HSCs as mediators of enhanced tumorigenesis through activation of a p21/interleukin-1b-dependent senescence associated secretory phenotype (see below and Fig. 1 ).
Bile acid receptors
Bile acids are potential carcinogens whose alterations may contribute to NAFLD development and progression and have also been linked to HCC [40] . Bile acids are produced by hepatocytes, stored in the gallbladder for release into the gut to promote fat digestion, after which they are reabsorbed in the ileum to enter the enterohepatic circulation. Bile acids regulate cholesterol, energy homeostasis, glucose storage and release, and their own homeostasis via interactions with their cognate nuclear receptors, including farnesoid X receptor (FXR), pregnane X receptor (PXR), vitamin D receptor (VDR), constitutive androstane receptor (CAR), and TGR5. FXR is an inhibitor of de-novo bile acid synthesis in liver through regulation of the cytochrome P450 enzyme that regulates bile acid production from cholesterol (Cyp7a1), and plays roles in regulating lipid metabolism in hepatocytes as well as regulating NF-kB activity. Loss of FXR in mice leads to elevated plasma triglycerides and cholesterol, steatohepatitis [41] , and hepatocarcinogenesis [42] [43] [44] , an effect that is mediated in part by increased Wnt/b-catenin signaling [43] . FXRÀ/À mice develop liver cancer more rapidly in animals with diabetes [42] , pointing to a synergy in tumor formation between obesity-related inflammation through increased expression of the pro-inflammatory interleukin-1b and FXR suppression. HFDinduced obese mice have upregulated expression of Yin Yang 1 (YY1), which promotes steatosis via suppression of FXR [45] . Other bile acid receptors also influence NAFLD and HCC, including PXR [46] and CAR [47, 48] . The G protein-coupled bile acid receptor TGR5 also regulates steatosis and inflammation (reviewed in [49] ), and mice lacking Tgr5 have increased carcinogen-induced liver cancer [50] .
Vitamin D receptor
Also a bile acid sensor, the VDR acts as a receptor for the bile acid lithocholic acid, which is hepatotoxic and a potential enteric carcinogen [51] . Vitamin D deficiency is rising in Western countries and has been epidemiologically linked to NAFLD [52] and HCC [53] , but a causative relationship is not yet established. Supplementation with exogenous vitamin D improves glycemic indices in patients with insulin resistance [54] and, interestingly, the insulin gene contains a VDR response element in its promoter and is transcriptionally regulated by vitamin D ligand-dependent binding [55, 56] . Vitamin D deficiency is also associated with low adiponectin in type 2 diabetics, and vitamin D supplementation increases serum adiponectin levels [52] . Moreover, rats fed a vitamin D-deficient 'Westernized' high-fat/high-fructose corn syrup diet have significantly worsened steatosis and more lobular inflammation than animals on a low-fat diet with normal vitamin D content. Vitamin D deficiency has also been correlated with upregulation of genes involved in oxidative stress and inflammation, including TLRs 2, 4, and 9 [57] . Vitamin D analogs have antigrowth effects on HCC cells in culture, and exhibit chemopreventive properties in a mouse of spontaneous HCC [53] . Recent work has uncovered a mechanism linking vitamin D to antifibrotic activity in HSCs, in which ligand-bound VDR inhibits transforming growth factor (TGF)-b1-mediated HSC activation by reducing Smad3 occupancy on the promoters of profibrotic genes [58] .
Role of HSCs and senescence
Hepatic stellate cells are a source of proinflammatory mediators and ECM that promote progression from NAFLD to HCC. HSCs activated in response to liver injury express TLR4, which promotes the activation of IkB kinase/NF-kB and JNK pathways in addition to the secretion of interleukin-6, TGF-b1, and MCP-1. Senescent HSCs are associated with a more pronounced 'inflammatory' but less 'fibrogenic' phenotype (i.e., senescence-associated secretory phenotype), which facilitates the removal of HSCs by NK cells, leading to the resolution of fibrosis [59] . This has led to the speculation that senescence in HSCs could be antitumorigenic; indeed, blocking senescence by ablation of HSC p53 leads to increased fibrosis, inflammation, and a protumorigenic microenvironment in the liver, in which M2-type macrophages promote proliferation of preneoplastic hepatocytes [60 && ]. In contrast to these findings, more recent evidence implicates senescent HSCs in promoting hepatocarcinogenesis in mice on an HFD and treated with a carcinogen [39 && ]. In this study, HSCs expressing high levels of p21 surrounded tumors, and depletion of senescent HSCs in this model using liposomes containing siRNAs to heat shock protein 47 (HSP47) has led to reduced tumorigenesis.
Progenitor cells
The chronic state of regeneration and repair in NASH closely correlates with activation of progenitor cell populations and reactivation of pathways more commonly associated with development, angiogenesis, and cancer, including hedgehog, canonical Wnt signaling and Notch. Progenitor cell activation has recently been demonstrated both in adult [61 & ] and pediatric NAFLD [62] , raising the possibility that these cells may contribute to HCC initiation. Portal inflammation and fibrosis correlate with expansion of the progenitor cell marker and Hh target gene Gli2 [61 & ,63] . This finding has been linked to increased expression of Hh ligand by ballooned hepatocytes and bile duct cells. Hedgehog mediates epithelial-mesenchymal transition (EMT) in ductular cells [64] and may be a driver of the progenitor cell and/or fibrotic responses [65] . Other ligands that may direct progenitor cell fate in the liver, such as the Notch ligand Jagged and Wnt3a, are produced by myofibroblasts and macrophages, respectively, in the context of chronic liver injury [66] and may also contribute to the differentiation and expansion of progenitors in NAFLD. Wnt/b-catenin plays an important role in liver development, and mutations in b-catenin are common in HCC [67, 68] .
Regenerative pathways activated in NAFLD yield cells that are exposed to intense selection pressures imposed by high circulating free fatty acid and glucose, insulin resistance, inflammation, and cytostatic factors such as TGF-b. These pressures drive cellular escape and transformation that may lead to HCC. Localized insulin/IGF signaling by niche cells can regulate progenitor cell proliferation and coordinate the organismal response to changes in systemic insulin and metabolic fluctuations under normal conditions [69] . However, escape from insulin resistance by loss of PTEN (phosphatase and tensin homolog) or activation of the insulin signaling pathway components is common in HCC, and in a drosophila model of obesity, Wnt signaling mediates insulin resistance escape in tumor cells [70] . TLR4 activation can also promote expression of the pluripotency gene NANOG in HCC tumorinitiating cells [71] . Interestingly, NANOG mediates escape from cytostatic TGFb signaling by suppression of SMAD3 signaling, which mediates TGFb's effects [72] .
Autophagy defects
The accumulation of ROS and DNA damage in metabolically stressed cells is ameliorated by the activation of (macro)autophagy -a lysosomedependent process of 'self-eating' that increases the turnover of damaged proteins, peroxisomes, and mitochondria [73] . Autophagy is a key regulator of lipid turnover [74] , insulin sensitivity [75] , inflammation [76] , and fibrosis [77] and there is growing evidence that it contributes to NAFLD progression [78] . Global inhibition of autophagy in liver leads to steatosis [79] , and both genetic and dietary forms of obesity cause decreased hepatic expression of key autophagy effectors including Atg7, Atg5, and beclin 1 [75] . Autophagy has been implicated in tumor suppression in liver [80] . Consistent with this notion, autophagy is impaired in HCC cell lines, and reduced beclin I expression in human HCC samples correlates with survival and tumor differentiation [81] . Also, autophagy promotes EMT of HCC cells in response to TGF-b, suggesting that its inhibition may prevent HCC invasion [82] .
These and related findings have led to the suggestion that pharmacological activators of autophagy may treat NASH by ameliorating lipid accumulation, insulin resistance, and possibly tumorigenesis. However, such effects would clearly need to be targeted specifically to hepatocytes because there is strong evidence that activation of autophagy in HSCs and cancer cells may lead to increased fibrosis, cell survival, and EMT that could instead promote tumorigenesis. This is because the role of autophagy diverges between hepatic parenchymal and nonparenchymal cells. Autophagy in HSCs promotes fibrosis, which may indirectly contribute to a carcinogenic microenvironment [77, [83] [84] [85] .
Unmet needs
Epidemiologic evidence links NAFLD to cirrhosis and cancer, but underlying mechanisms are still uncertain. There is an urgent need for well-tolerated and effective treatments for NAFLD and NASH, which if successful could attenuate the risk of HCC. Potential new therapies based on recent advances might include probiotics [86, 87] , vitamin D repletion, and bile acid intermediates. Better biomarkers of disease stage and progression are also urgently required for early and reliable detection and treatment monitoring. A number of studies have identified genetic polymorphisms and micro-RNAs correlating with NAFLD development and progression (reviewed in [88] and [89] ), which could prove valuable as future biomarkers.
CONCLUSION
A picture is crystallizing in which NAFLD, the hepatic manifestation of metabolic syndrome, combined with its systemic metabolic and endocrine derangements, generates a state of chronic inflammation and hepatocellular damage. These events trigger the activation of regenerative pathways as well as the proliferation of HSCs that promote fibrosis and cancer [90] . However, given our fragmentary understanding of HCC pathogenesis in NAFLD, greater clarification of underlying mechanisms remains a high priority and will provide a more rational template for establishing new therapies to prevent this fatal cancer in a disease (NAFLD) that already has reached epidemic proportions.
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